Transport in the scrape-off layer (SOL) depends on the state of divertor detachment. L-mode discharges were analyzed where the state of divertor detachment is varied through a density rampup. By means of reflectometry measurements at the low (LFS) and the high field side (HFS), midplane density fluctuations are studied for the first time in ASDEX Upgrade simultaneously at both sides of the tokamak. Radial density fluctuation profiles (δn e /n e ) increase with radius in both the HFS and the LFS. It is found that in the SOL density fluctuation at the LFS have about a factor of two larger amplitude than at the HFS in agreement with ballooned transport. Density fluctuations at the LFS show a modest variation with increasing background density resulting mainly from a rise of low frequency components. Experimental results are in good agreement with an enhanced convection of filaments at the LFS at the beginning of outer divertor detachment leading to a flatter SOL density profile. In this phase of the discharge, density fluctuations measured at the HFS far-SOL display a strong increase, which may be associated with the presence of faster filaments originated at the LFS.
Introduction
Observations from a large number of tokamak experiments provide clear evidence that the turbulence drive is ballooning-like, favoring the outboard plasma region [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, most of the present knowledge of turbulence comes from measurements at the low-field-side (LFS) scrape-off layer (SOL), while data from the high-field-side (HFS) is scarce and needed because the evaluation of poloidal variations is critical to draw conclusions about turbulent transport [11] [12] [13] . Simultaneous fluctuation measurements at the LFS and HFS midplane are therefore essential to characterize edge turbulence and to investigate a possible link between midplane and divertor conditions. In this paper we study density fluctuations in L-mode density ramp discharges where divertor conditions evolve from attached to completely detached. These discharges are characterized by the development of a high-field-side high density (HFSHD) region [14] associated with detachment of the inner divertor that expands up to the midplane [15] , leading to strong poloidal asymmetries in the SOL density, which are characterized in detail in Ref. [16] . An enhanced cross-field transport has been reported at the LFS at the beginning of outer divertor detachment leading to a flatter density profile [17] [18] [19] [20] . Heretofore, the dependence of turbulence along the detachment has been studied mainly at the LFS, while the HFS may also be influenced by the divertor conditions. Motivated by the relevance of characterizing turbulence at both sides to investigate the possible influence of varying SOL boundary conditions and accompanying enhanced filamentary transport, we use here the unique capabilities of the ASDEX Upgrade (AUG) reflectometry diagnostic able to measure density fluctuations simultaneously at both the LFS and the HFS.
The paper is organized as follows: after the introduction, in section 2 the experiment is described, together with the relevant diagnostics. The methodology used to analyze density fluctuations is briefly described in section 3. The study of turbulence behavior is presented in section 4. A summary and discussion are given in section 5.
Experimental setup
Diagnostics Density fluctuations were measured in AUG with a frequency modulated-continuous wave (FM-CW) O-mode reflectometry diagnostic operating at fixed frequency. The system is equipped with a homodyne type of detection providing A(t) cos(φ(t)) signals (φ and A being the phase and amplitude, respectively) [21] . This study is based on measurements covering mainly the plasma SOL, at six layers with constant density (one per frequency channel) in K-, Ka-and Q-bands, three at the LFS and three at the HFS, as indicated in Table 1 . Each channel uses a single antenna in a mono-static arrangement (the same antenna is used both for emission and reception); antennas are located in-vessel close to the tokamak mid-plane. They feature a small poloidal tilt to favor propagation perpendicular to the magnetic field lines [21, 22] . Figure 1 displays the schematic representation of the FM-CW diagnostic in a poloidal section of AUG. The FM-CW system was also operated in swept frequency mode in paired discharges to obtain density profiles at both the HFS and the LFS enabling to localize the layers where fluctuations are measured along the discharge.
Fluctuation data from reflectometry were compared with similar data from a reciprocating probe available at the LFS mid-plane measuring, among other parameters, the ion saturation current Figure 1 : Schematic representation of the FM-CW diagnostic location in a poloidal section of AUG [23] .
(I sat ∝ n e (T e + T i ) 1/2 ) at the same acquisition rate as reflectometry of 2 MHz [24] .
Description of the experiment
Density ramp-up discharges were performed in a standard lower single null (LSN) magnetic configuration with the ion ∇B drift towards the X-point by increasing the deuterium gas injected while maintaining constant levels of additional heating power. The evolution of the plasma parameters measured in the divertor and SOL regions during a typical density ramp-up discharge is shown in Figure 2 . A rate of the density ramp-up varies along the discharge, slowing down around 2.7−3.4 s. During the faster ramp in the beginning and the end of the discharge the dn e /dt rate is ≈ 2 · 10 19 m −3 /s. As the density is continuously ramped up time corresponds roughly to density.
Indicated by color are the different divertor states as they have been described in detail in [14] . At low densities the plasma is in the attached state (AS). As the inner divertor detaches the plasma is in the onset state (OS) [t ≈ 2.1−2. (black) [14] ; (c) spectrogram of the line-integrated radiated power measured by an AXUV diode (above the X-point). The different detachment states are indicated by the color blocks. meant to describe the quality of detachment, which is often also described by partially or complete detachment. Density profiles from reflectometry were measured in L-mode paired discharges with constant magnetic parameters: toroidal magnetic field of B t = -2.5 T (a negative B t corresponds to the ion ∇B drift down towards the lower divertor), safety factor of q 95 ≈ 4, plasma current of I p = 800 kA and ECRH power of 400 kW. The core and edge line-averaged density are ramped-up during the discharge in a range ofn e = 2.7−7.2 and 1.5−4.4 × 10 19 m −3 , respectively. On discharge #33484 the FM-CW reflectometer was operated in fixed frequency mode to measure density fluctuations and on discharge #33483 it was operated in swept mode to obtain density profiles.
As the plasma parameters evolve slowly (typically on the timescale of seconds), to obtain representative density profiles for each divertor state the reflectometry profiles (measured each 1 ms) were averaged over 250 ms (250 profiles). The evolution of the radial density profiles along the discharge is displayed in Figure 3 For low line-average densities corresponding to the initial attached state (t < 2.1 s), the density profiles are roughly HFS/LFS symmetric (Fig. 3 ). After t ≈ 2.1 s the inner divertor detaches and the profiles become poloidally asymmetric as a consequence of a strong increase of the SOL density at the HFS. This increase is particularly strong towards the later phase of the discharge as a consequence of the development of the HFSHD region [16] . At the LFS, a pedestal-like structure is formed near the separatrix starting around the fluctuating state, following the increase in the core and edge line-averaged densities (see Figure 3 ). During complete detachment the LFS density profile broadens with the flat region extending up to ρ pol ≈ 1.05), as was previously observed by the lithium beam and the reciprocating Langmuir probe diagnostics at AUG [17] . This flattening was shown to occur when a certain divertor collisionality is surpassed leading to an increase of the convective transport caused by filaments [17] [18] [19] [20] .
Methodology for the density fluctuations estimation from reflectometry
The absolute value of the plasma density fluctuations at selected density layers n e can be estimated from the phase φ(t) of the O-mode reflectometry signals with probing frequency F . The probed density where reflection occurs is derived from the cutoff condition F = F pe , where F pe is the electron plasma frequency: n e = 4π 2 0 m e F 2 pe /e 2 , where 0 is the vacuum permitivity and m e the electron mass. So the probed density is obtained directly from the incident frequency F . The phase response is difficult to interpret because the fluctuations can produce several effects on the probing waves, namely scattering, refraction and periodic deformations and/or movements of the reflecting layer.
To estimate the fluctuation level δn e /n e , 1D or 2D models can be used. For fluctuations where the transverse fluctuation wavelength λ is much larger than the probing beam radius d (λ d), 1D models are usually employed due to their simplicity, such as the Fanack model [25] , leading to the estimation of the normalized fluctuation level from the phase as follows,
where n cr is the value of the density at the cut-off, ∆φ max is the maximum phase shift, k f is the wavenumber of the fluctuations, k 0 is the vacuum wavenumber, L n is the density gradient length at the cutoff layer, and λ 0 is the vacuum wavelength. The 1D C. Fanack model, however, is only valid for small amplitude fluctuations that is not usually the case in the SOL. Furthermore, the model does not cover 2D and 3D effects that occur for example when multiple reflections are present.
Nevertheless, the validation of 1D model for the absolute density fluctuation was done using fullwave code [26] . A comparison between full-wave simulations and experimental measurements show that results from 1D analysis seems to provide a good estimation of fluctuation levels [27] .
As the FM-CW reflectometer provides homodyne signals of S(t) = A(t)cos(φ(t)) where phase
and amplitude are not separated, a method was developed by applying the Hilbert transform, to extract the phase needed to estimate fluctuations [28] . This method was validated by comparison with data from another reflectometry system available at AUG (probing generally the confined region at the LFS) that is equipped with heterodyne detection (providing phase directly) as well as with Langmuir probe data. This new method enables the study of density fluctuations with the FM-CW reflectometer thereby allowing absolute measurements of the density fluctuations at both the HFS and the LFS. However, the phase signal is often characterized by phase jumps, known as phase runaway, that are not related to plasma density fluctuations. Phase runaway has been observed in many tokamaks [29] [30] [31] for the LFS SOL, we cannot discard differences in the plasma response at low fluctuation levels.
Thus, some uncertainties in the ratio of the HFS/LFS fluctuation level cannot be excluded.
Density fluctuations at the LFS SOL
For the analysis of the density fluctuations along with detachment we consider first the evolution at the LFS and later (in section 4.4) at the HFS. From now on we use the standard deviation of the homodyne reflected signals due to the relevance of the low frequency components of fluctuations, as explained in section 3. Therefore the density fluctuation results are presented in arbitrary units.
The radial profiles of the density fluctuations δn e /n e and non-normalized fluctuations δn e (obtained multiplying δn e /n e by the probing density n e ) in the LFS SOL for discharge #33484 (characterized in section 2) for each divertor state were estimated from data obtained at three density layers, n e = 0.4, 0.84 and 1.61 × 10 19 m −3 , using a 42.5 ms time window (during this time range the line-averaged density varies by < 5%). Results are displayed in Figure 5 and Figure 6 , where the color of the points indicates the divertor state. The locations of each probed layer were obtained from the reflectometry density profiles also averaged over 42.5 ms. As the probing densities are fixed the radial coverage follows the profile dynamics. Cross symbols correspond to the density fluctuations estimated using the ion saturation current I sat signal measured by the reciprocating Langmuir probe in the similar discharge #30303.
Relative density fluctuations δn e /n e are seen to increase with radius for all the divertor states ( Figure 5 ). Changes with the density along the discharge seem to depend on ρ pol locations. Close to the separatrix (ρ pol ≈ 1.00), density fluctuations do not display significant changes with the divertor state, while at ρ pol ≈ 1.04 density fluctuations increase along the evolution of divertor from the attached towards the complete detachment state. In the completely detached state, the radial increase along with the density ramp. Non-normalized density fluctuations δn e depicted in Figure 6 (obtained by multiplying the data in Figure 5 by the probing density value) are seen to decrease with radius in the near SOL that can be associated with parallel transport losses. In the later phase of the complete detachment state δn e display an increase in the far SOL, which can not be attributed to the change of the characteristics of the filaments. However, it may be associated with other sources of density perturbations for instance resulting from fast variations in the divertor condition. Finally, it cannot be excluded that at such high level of fluctuations in the far SOL, 2D
and 3D propagation effects might play a role making the interpretation of the reflectometry signals more complicated.
Frequency-resolved analysis of density fluctuations
A first picture of the typical density fluctuations at each divertor state can be inferred from the time Figure 5 ) results mainly from an increase of the low frequency components (f < 15 kHz).
As indicated by the time traces of the ion saturation current from the reciprocating probe (see figure 7 ), the increase of low frequency components in the fluctuating state is associated with both filaments and low frequency oscillations at the midplane, while in the complete detachment state the increase should result mainly from the increase in the filamentary activity. Indeed, during the complete detachment state fluctuations are dominated by large, infrequent filaments lasting more than 0.1 ms (see figure 7 ) in good agreement with the frequency range where the power spectrum is observed to increase. We can therefore conclude that the increase in the low frequency fluctuations measured by reflectometry at the LFS SOL is due to an increase of filamentary activity. The decrease of the high frequency (f > 15 kHz) components seen during the CDS in the power spectra from reflectometry can so far not be explained requiring further investigation with better spatial resolution.
Density fluctuations at the HFS SOL
We turn now our attention to the behavior of the fluctuations at the HFS. HFS/LFS asymmetries are expected as a consequence of ballooned transport in the SOL. The link between the LFS and the HFS SOL and the possible influence of the divertor conditions will also be investigated. It was previously shown [17] that during complete detachment the radial velocity of the filaments increases, leading to broad density profiles at the LFS. As intermittent radial transport is poloidally asymmetric favoring the LFS [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , filaments will propagate along the field lines and they are expected to reach the far SOL at the HFS. Assuming a typical radial velocity of 300 m/s characteristic of the complete detachment state [17] and propagation at sound speed along the field lines, filaments should be detected in the HFS far SOL around ρ pol ≈ 1.1. This is further out than observed but still in reasonable agreement with experimental findings from reflectometry, taking into account that the radial velocity of filaments coming from the LFS midplane may not be constant radially across the SOL and also they can be originated at the top of the LFS resulting in shorter paths to the HFS midplane. The fact that non-normalized density fluctuations depicted in Figure 11 increase in the far-SOL gives further evidence that these fluctuations are not due to local radial transport but rather to parallel transport originated at the LFS. Therefore, it may be concluded that under certain divertor conditions, such as occurring during the complete detachment state, the HFS SOL can be strongly influenced by the presence of the turbulent structures coming from the LFS.
Summary
Experimental studies performed at AUG with reflectometry at the high field side (HFS) and the low field side (LFS) in L-mode discharges where the divertor states varied through a density rampup, show that density fluctuations at the midplane are sensitive to the divertor conditions. Radial relative density fluctuation profiles (δn e /n e ) increase with radius at both the HFS and the LFS. It is found that in the SOL density fluctuations at the LFS have about a factor of two larger amplitudes than at the HFS in agreement with ballooned transport.
Results from reflectometry reveal that density fluctuation levels on the LFS have a modest dependence on the line-averaged density close to the separatrix at ρ pol = 1.00−1.01 and also around ρ pol = 1.05 as seen from the reciprocating Langmuir probe data. This is in contrast to the observations around ρ pol = 1.04 where density fluctuations from reflectometry increase along with the density ramp. The increase of density fluctuation levels in the complete detachment state results mainly from an increase of the low frequency components (< 15 kHz) also observed in the reciprocating Langmuir probe data that is in agreement with the generally accepted view that radial transport at the LFS SOL is dominated by the filamentary activity. As the plasma density is ramped-up, less frequent and faster filaments are observed when a density shoulder is formed on the LFS [17] .
When filaments become faster and less frequent at the LFS, relative density fluctuations at the HFS strongly increase in the far SOL region (ρ pol > 1.06), which can be interpreted as a presence of faster filaments that propagate parallel to the magnetic field lines from the LFS to the HFS. Although the present spatial coverage of FM-CW reflectometry at high density is limited, results indicate that under certain divertor conditions, such as those occurring in the complete detachment state, the HFS SOL may be strongly influenced by the presence of turbulent structures originated on the LFS. However, due to lack of data we cannot conclude if some of the changes, for example the decrease of the high frequency components of the density fluctuations during complete detachment, can be attributed to the radial variations of the probing layers or to the evolution of the fluctuations. This requires further investigation that would benefit from an increased spatial coverage using additional probing frequencies in an upgraded FM-CW diagnostic.
This work presents for the first time at AUG simultaneous measurements of the density fluctuations at the HFS and the LFS that provide a consistent picture of the poloidal asymmetry in the density fluctuations as well as of the influence of the divertor condition on the density fluctuations.
The capability of FM-CW reflectometry to measure simultaneously both at the LFS and the HFS opens the way to address key topics such as the link between the inboard and outboard plasma regions. This can contribute towards achieving a global picture of the SOL transport characteristics in fusion devices.
